Abstract:
In Rosaceae, incompatible pollen can penetrate into the style during the 23 gametophytic self-incompatibility response. It is therefore considered a stylar event rather 24 than a stigmatic event. In this study, we explored the differences in gene expression between 25 compatibility and incompatibility in the early stage of pollination. The self-compatible pear 26 variety "Jinzhuili" is a naturally occurring bud mutant from "Yali", a leading Chinese native 27 cultivar exhibiting typical gametophytic self-incompatibility. We collected the styles of 'Yali' 28 and 'Jinzhuili' at 0.5 and 2 h after self-pollination and then performed high-throughput 29 sequencing. According to the pathway enrichment analysis of the differentially expressed 30 genes, "plant-pathogen interaction" was the most represented pathway. Quantitative PCR was 31 used to validate these differential genes. The expression levels of genes related to pollen 32 growth and disease inhibition, such as LRR (LEUCINE-RICH REPEAT EXTENSIN), 33 resistance, and defensin, differed significantly between compatible and incompatible Introduction 42 Self-incompatibility (SI) is the general term used to describe several genetic mechanisms 43 in angiosperms that prevent self-fertilization and thus encourage outcrossing and allogamy. 44 RNase-based gametophytic self-incompatibility (GSI) is the most phylogenetically 45 widespread, occurring in at least three families: Solanaceae, Rosaceae, and Scrophulariaceae 46 (Igic et al., 2004) . Most fruit tree species belong to family Rosaceae and subfamily Spiraeoideae, which includes the supertribe Spiraeoideae that consists of the tribes Maleae alkalinization factors) regulate pollen tube integrity and growth, and their function depends on 147 the pollen-expressed proteins of the LEUCINE-RICH REPEAT EXTENSIN (LRX) family 148 (Mecchia et al., 2017) . LRR (Leu-rich repeat) proteins are involved in specific 149 protein-protein interactions and are confined predominantly to eukaryotes. The LRR proteins 150 have a significant role in plant defense. Resistance to a diverse range of pathogens, including 151 nematodes, fungi, bacteria, and viruses, involves LRR proteins either as resistance proteins or 152 as proteins required for the functioning of resistance proteins. These proteins might be 153 involved in the defense of reproductive tissues from pathogens or may be involved in 154 reproduction itself (Jones & Jdg, 1997; Ndinyanka et al., 2017) . Pollen-stigma interactions 155 are similar to host-pathogen interactions (Kovaleva & Zakharova, 2003; Mondragon et al., 156 2017; Wilkins et al., 2014) . Pollen self-incompatibility and species incompatibility may also 157 be viewed as forms of defense. It would not be surprising if the parallels between resistance 158 and pollen incompatibility extended to the involvement of LRR proteins in both processes. 159 We searched for pollen-related DEGs (P≤0.05) in JZ_0.5-VS-YL_0.5 and JZ_2-VS-YL_2. 160 We discovered 13 pollen-specific DEGs, 12 of which were related to the LRR gene (Table 2) . 161 We selected these 13 genes for quantitative expression analysis in the style following 162 pollination at different times. The quantitative PCR and RNA-Seq results were identical at 0.5 163 h, whereas at 2 h, only 38.46% of the results were consistent (Figure 4 ). At 0.5 h, all 164 pollen-specific gene expression was significantly higher in compatible pollination than in 165 incompatible pollination. However, at 2 h, 13 pollen-specific genes were significantly more 166 highly expressed in incompatible pollination than in compatible pollination, of which nine 167 were significantly different (P<0.01). We counted the DEGs of all LRXs at different time 168 periods after pollination. The upregulated expression ratio of this gene was 83.61% at 0.5 h, 169 but had declined to 41.38% at 2 h ( Figure 5 ). These results suggested that following pollen 170 and stigma identification, the regulation of pollen tube growth under the condition of 171 compatible pollination occurs earlier than that under incompatible pollination. 172 There were 17 disease resistance-related genes involved in the regulation of the defense 173 response to fungus according to the high-throughput sequencing results. At 0.5 h, there were 174 13 genes in 17 disease resistance genes, and their quantitative PCR results were consistent 175 with the results of the high-throughput sequencing, whereas at 2 h, the results of the 15 genes 7 were identical (Table 3 ). There were 15 and 14 genes at 0.5 h and 2 h, respectively, that 177 exhibited higher expression levels in the compatible pollination than in the incompatible 178 pollination ( Figure 6 ). The function of defensin-like proteins is in the defense response to 179 fungus (http://www.uniprot.org/uniprot/P20159). There were eight genes associated with 180 defensin-like proteins according to the high-throughput sequencing (Table 4 ). There were 181 seven and six genes at 0.5 h and 2 h, respectively, that exhibited higher expression in 182 compatible pollination than in incompatible pollination (Figure 7) . 183 The expression of these genes follows a trend; that is, at 0.5 h after pollination, the expression 184 of most genes in the compatible pollination is higher than in the incompatible pollination. 185 However, the expression of most of the pollen-specific and defensin-like protein genes 186 differed at 2 h following pollination. Interestingly, there was a relatively high expression level 187 of genes related to disease resistance at the beginning of the compatible pollination process. Brassica spp. to be similar to the host-pathogen (HP) interaction process. The transcription 190 rate of genes for pathogenesis-related proteins was increased in only 5 min during the HP 191 response (Hiscock & Mcinnis, 2004) . In a previous study, after 48 h of pollination, the gene 192 expression of pear (P. bretschneideri) was compared in the style, and it was speculated that 193 the plants could identify compatible and incompatible pollen using the plant-pathogen 194 signaling system at the start of pollination (Shi et al., 2017) . Therefore, we believe that the 195 mutual recognition of the pollen and stigma in GSI of Rosaceae is similar to the pollen and 196 stigma recognition process in the sporophytic self-incompatibility of Brassica spp. (Miao et al., 2013) . The tip of a pollen tube exhibiting normal growth is filled with a large 202 number of mitochondria (Hill et al., 2012) , which may be related to the need for ATP during 203 pollen tube growth. We selected nine differentially expressed ATPase-related genes ( Table 5) (Table 6 ). The results of the quantitative expression of these genes were 226 inconsistent with the results of the high-throughput sequencing ( Figure 9 ). Moreover, most of 227 the gene expression was not different when compatibility pollination was compared with 228 incompatible pollination ( Figure 9 ). We speculated that the genes related to Golgi and vesicles 229 are not involved in the mutual recognition of the pollen and stigma at the beginning of 230 pollination. 231 SI-induced programmed cell death (PCD) 232 SI involves highly specific interactions during pollination, resulting in the rejection of 233 incompatible (self) pollen. PCD is an important mechanism for destroying cells in a precisely 234 regulated manner. SI in field poppy (Papaver rhoeas) triggers PCD in incompatible pollen 235 (Geitmann et al., 2004; Wilkins et al., 2014) . In the self-incompatibility of Pyrus, arresting 236 incompatible pollen tube growth requires mechanisms that are partly similar to the SI 237 response of poppy (Wang & Zhang, 2011) . In the process of GSI in Pyrus, the S-RNase in the 238 style enters the pollen tube and induces PCD in the incompatible pollen tube (Chen et al., 239 2018; Wang et al., 2010a ). There were only two genes related to PCD according to the 240 high-throughout sequencing data, and the difference in expression of the two genes reached 241 significant levels (P<0.05) only 2 h after pollination (Table 7) . Based on the qt-PCR analysis, 242 no significant differences in the expression of these two genes were observed between the 243 compatible pollination and incompatible pollination at 0.5 or 2 h, respectively ( Figure 10 ).
These findings suggest that the pollen tubes were not induced by PCD at the initial stage of 245 incompatibility pollination.
246

Discussion
247
Apical pollen tubes usually possess a prominent region that includes secretory vesicles, 248 mitochondria, Golgi dictyosomes, and the endoplasmic reticulum (Hepler, 2015) . The area 249 contains a large quantity of these subcellular organelles, which is associated with faster and 250 healthier pollen tube growth. Pollen tube growth on the stigma depends on pollen-expressed 251 proteins of the LRX family (Mecchia et al., 2017) . In this study, we explored the differences 252 in gene expression between these subcellular organelle-associated genes at the beginning of 253 compatible pollination and incompatible pollination. According to the results of the RNA-Seq 254 and quantitative PCR, once the compatible pollen and incompatible pollen had come into 255 contact with the stigma, genes related to pollen tube growth regulation were significantly 256 upregulated. We previously reported on calcium-and phospholipase C-related genes in the 257 pollen tube that were also significantly differentially expressed in the early stage following 258 pollination (Qu et al., 2017; Qu et al., 2016) . All these factors indicate that the gametophytic 259 self-incompatibility response of Pyrus has already been initiated after pollination, rather than 260 when the pollen tube enters the style. 261 The ability to recognize the difference between "self" and "nonself" at the cellular level 262 appears to be dependent on the interactions with the surface components of the organism that 263 come into contact with the plant (Austin & Ballaré , 2014; Lamport et al., 2018; Sequeira, 264 1978) . Plants use recognition mechanisms to reject most of the microorganisms with which 265 they interact (Dresselhaus et al., 2016) . Unsurprisingly, the fertilization process in plants uses 266 similar recognition mechanisms to reject foreign pollen and accept pollen from the 267 appropriate species; even the plant's own pollen may not be able to germinate or penetrate the 268 stigmatic surfaces in those instances where self-incompatibility systems force al., 2017) , which is required at 8 h after self-pollination, it is considered that 293 self-incompatibility in Rosaceae is a stylar event rather than a stigmatic event. Thus far, 294 studies on Rosaceae self-incompatibility have mainly focused on how the S-RNase of the 295 style recognizes self and nonself pollen after pollination. However, at the early stage of 296 pollination, the difference in gene expression between compatibility and incompatibility is 297 highly significant with regards to the pollen-specific expression of the LRR gene, resistance, 298 and defensin genes. Moreover, the interaction between pollen and stigma is similar to the 299 interaction between plants and pathogens only under the condition of compatibility 300 pollination. Therefore, in order to study the self-incompatibility response of Pyrus, it is also 301 necessary to study the mutual recognition between cells and between the cell and the signal 302 transduction process as the pollen falls on the stigma.
303
Methods 304 Plant materials. 305 The self-compatible pear variety 'Jinzhuili' was a naturally occurring bud mutant from 306 'Yali', a leading Chinese native cultivar with typical GSI. 'Jinzhuili' had lost the pollen SI 307 function and that its style behaved normally in SI response, similar to that of the wild type 308 'Yali' (Wu et al., 2013a) . We collected the styles of more than 100 flowers of the 'Yali' and 309 'Jinzhui' at 0.5, 2 h after self-pollination respectively and the styles of 'Yali' without 310 pollination as control. Respectively marked as YL_0.5h, YL_2h, JZ_0.5h, JZ_2h and YL_CK. 311 All of the harvested samples were immediately deep-frozen in liquid nitrogen and stored in liquid nitrogen before use.
313
RNA isolation, validation, and RNA-seq library preparation. 314 RNA was isolated from each of the above style. Therefore, a total of three RNA bulks 315 representing of styles of the self-incompatibility and non-pollination and the Shi, D., Chao, T., Wang, R., Chao, G., Xiao, W., Shi, H., et al. (2017) . Transcriptome and phytohormone analysis 432 reveals a comprehensive phytohormone and pathogen defence response in pear self-/cross-pollination. suicide in pollen. Journal of Experimental Botany 65, 1331-1342. 448 Wu, J., Gu, C., Khan, M. A., Wu, J., Gao, Y., Wang, C., et al. (2012) Wu, J., Wang, Z., Shi, Z., Zhang, S., Ming, R., Zhu, S., et al. (2013b) . The genome of the pear (Pyrus 454 bretschneideri Rehd.). Genome Research 23, 396-408. 455 Yi, M., Horton, J. D., Cohen, J. C., Hobbs, H. H. &Stephens, R. M. (2006) . WholePathwayScope: a 456 comprehensive pathway-based analysis tool for high-throughput data. Bmc Bioinformatics 7, 1-24. 457 genes were selected according to the high-throughput sequencing results. 'Yali' styles were 518 collected 0.5 and 2 h after self-pollination (YL_0.5h and YL_2h). 'Jinzhuili' styles were 519 collected 0.5 and 2 h after self-pollination (JZ_0.5h and JZ_2h). Non-pollinated 'Yali' styles 520 were collected after 0.5 h without pollination as the control (YL_CK). The data are presented 521 as the means ± standard error. ** Highly significant data (P < 0.01). Note: (1) Q20 indicate the rate of bases which quality is greater than 20.
Figure legends
(2) YL_0.5 and YL_2 is that the styles of 'Yali' were collected at 0.5 and 2 h after self-pollination. JZ_0.5 and JZ_2 is that the styles of 'Jinzhuili' were collected at 2 h after self-pollination. JZ_CK is that styles of 'Jinzhuili' without pollination as control. Table 2 The differences in the expression of 13 pollen-specific genes and their definitions.
Note:
(1) YL_0.5 and YL_2 is that the styles of 'Yali' were collected at 0.5 and 2 h after self-pollination. JZ_0.5 and JZ_2 is that the styles of 'Jinzhuili' were collected at 2 h after self-pollination.
(2 Table 3 The differences in the expression of 17 disease-resistance genes and their definitions.
(2 Table 4 The differences in the expression of 8 defensin genes and their definitions.
(2) Positive values represent up-regulated gene and Negative values represent the down regulated genes. FDR-corrected P ≤ 0.0005 GeneID Log 2 (JZ_0.5/YL_0.5) Log 2 (JZ_2/YL_2) Definition LOC103930708 Table 5 The differences in the expression of 10 genes about ATPase and their definitions Note:
(2) Positive values represent up-regulated gene and Negative values represent the down regulated genes. FDR-corrected P ≤ 0.0005 GeneID Log 2 (JZ_0.5/YL_0.5) Log 2 (JZ_2/YL_2) Definition LOC103926817 2.39 2.40 PREDICTED: calcium-transporting ATPase 9, plasma membrane-type-like isoform X1 LOC103927126 Table 6 The differences in the expression of 9 genes about Golgi and vesicle and their definitions Note:
(2) Positive values represent up-regulated gene and Negative values represent the down regulated genes. FDR-corrected P ≤ 0.0005 GeneID Log 2 (JZ_0.5/YL_0.5) Log 2 (JZ_2/YL_2) Definition LOC103930298 Table 7 The differences in the expression of 2 genes about programmed cell death and their definitions.
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